CpG islands (CGIs) play a fundamental role in genome analysis and annotation, and contribute to improving the accuracy of promoter prediction. Besides, CGIs in promoter regions are abnormally methylated in cancer cells and thus can be used as tumor markers. However, current methods for identifying CGIs suffer from various drawbacks. We present a new algorithm for detecting CGIs, called CpG Island Finder (CpGIF), which combines the best features in the most commonly used algorithms and avoids their disadvantages as much as possible. Five public tools for CpG island searching are used to compare with CpGIF for the assessment of accuracy and computational efficiency. The results reveal that CpGIF has higher performance coefficient and correlation coefficient than these previous methods, which indicates that CpGIF is able to provide high sensitivity and specificity at the same time. CpGIF is also faster than those methods with comparable prediction accuracy.
Background:
A CpG island is an unmethylated region in which CpG dinucleotides occur more frequently than in bulk DNA [1]. CpG islands are often associated with the promoters of most house-keeping genes and many tissue-specific genes, and thus have important regulatory functions and can be used as gene markers [2]. Most CGIs are nonmethylated at any stage of development with the exception of methylated CGIs associated with transcriptionally silent genes on the inactive X chromosome and imprinted genes [3]. In cancer cells, the DNA methylation patterns are altered. Many non-island CpG sites in the bulk genome become unmethylated, while promoters containing CGIs are abnormally methylated [4]. Methylation of promoter-related CGIs is associated with abnormal silencing of transcription and is a common mechanism of inactivation of tumorsuppressor genes [4]. Since methylation of promoter CGIs is common in all types of cancer, the hypermethylated CGIs in promoter regions can be used as molecular tumor markers and make the early detection of cancer possible . Most of those employ the sliding window technique with the exception of CpGCluster. The programs using the sliding window approach have the high capability combining small CpG islands. However, these methods suffer from several disadvantages: 1) the number and length of CGIs found depend on the window size and step size. If the window size is big, several short and loosely distributed CGIs might be clustered together to form a big one. 2) CGIs identified by those methods generally do not start and end with a CpG dinucleotide. 3) Because the window is moved in only one direction, those tools may not be able to locate CGIs accurately. 4) Longer running time.
CpGCluster avoids the problems stated above and is much faster and more computationally efficient since it focuses on CpG dinucleotides and clusters neighboring CpG sites based on the physical distance between them. But several problems still exist in CpGCluster: 1) search results are dependent on the composition of the sequence scanned, i.e. a CGI identified in one sequence may be discarded when planted in another sequence with different composition. 2) Low prediction sensitivity. The CGIs detected by CpGClutser are usually short fragments To overcome the shortcomings of these commonly used tools for CGI finding mentioned above, we propose a novel algorithm for CpG-island finding, called CpG Island Finder (CpGIF). Instead of using the sliding window approach, CpGIF first searches regions with high CpG density, named as seeds. The seeds are then extended and clustered into the final CGIs. CpGIF combines the best features in current algorithms and avoids their disadvantages mentioned above. All CGIs predicted by CpGIF start and end with a CpG dinucleotide.
Methodology:
Our algorithm, CpGIF, was implemented in PERL, including a UNIX command-line application and a Common Gateway Interface (CGI) program. A web service and the source codes are available to public at http://www.usd.edu/~sye/cpgisland/CpGIF.htm. In CpGIF, a density cutoff is applied to exclude "mathematical CpG islands" caused by high G/C (or C/G) ratio. The same cutoff was also used in some previous tools, such as CpGIS.
Our algorithm consists of four major steps. First, we scan the DNA sequence from 5′ to 3′ end to find all CpG dinucleotides and record their positions. Then, we try to identify all initial seeds with default density of 0.10. In this step, an array is built to record the numbers of Gs and Cs in each initial seed and in the region located between two adjacent seeds. In the following steps, we will keep updating the array to calculate the GC content and CpG o/e ratio. Next, initial seeds are extended iteratively by decreasing the density cutoff from 0.09 to 0.05. The cutoff is reduced by 0.01 in each iteration. Finally, two neighboring extended seeds are clustered together if the distance between them is less than the maximum length of two adjacent extended seeds or 100 nt, whichever is smaller.
To assess the prediction performance of CpGIF and compare it to other programs, we created a set of test sequences by using the same method described by Hackenberg and colleagues [11] . The length of each known CGI in our test sequence is at least 200 nt since the same length criterion was used in all programs tested except CpGCluster.
Results:
The prediction accuracy of five commonly used programs and our algorithm CpGIF were evaluated with regard to nucleotide-level sensitivity (nSn), nucleotide-level specificity (nSp), nucleotide-level positive predictive value (nPPV), nucleotide-level performance coefficient (nPC), and nucleotide-level correlation coefficient (nCC). Table 1 (supplementary material) shows the results of five statistics.
The results reveal that the measures of correctness of CpGIF are higher than other programs. CpGCluster shows superb specificity and positive predictive value (99.98% and 99.9%, respectively), while the sensitivity, performance coefficient, and correlation coefficient are surprisingly low. This demonstrates that the results of CpGCluster depend on the composition of input sequences. If the length of non-island sequences is much longer than that of known CGIs, the probability of observing a CpG in the test sequence and thus the p-value of each CGI would be low. That may be the reason why CpGCluster had a relatively high sensitivity in [11] . CpGReport is a tool with high specificity and positive predictive value but moderate sensitivity, performance coefficient, and correlation coefficient. CpGProD only has a high sensitivity, but the other four statistics are low. The prediction accuracy of CpGIS and CpGIE are about the same. They have a slightly better sensitivity than CpGIF, but CpGIF has higher values for all other four measures. As shown in Table 1 (under supplementary material), our algorithm CpGIF outperforms the other tools by three or more measures.
One significant improvement in CpGIF is that it takes much less time to complete the search for CGIs. Table 1 (supplementary material) shows that CpGIS and CpGIE perform better than the other three commonly used tools. The algorithm in CpGIE basically followed that in CpGIS. Since CpGIE runs slower than CpGIS, we only compared the running time used by CpGIF with that of CpGIS. The results showed in Table 2 (supplementary material) indicate that CpGIF runs much faster than CpGIS. The reason is that CpGIF only scans the sequence once for counting G and C nucleotides (in step 2). In the extension and clustering steps, the GC content and CpG o/e ratio are calculated using the array that stores the G and C counts. This eliminates the redundant search for G and C and therefore greatly improves its computational efficiency.
The average length of the CGIs returned by CpGIF is much longer than those of CGIs detected by CpGIS. This is due to the higher capability of CpGIF in combining short CGIs. We should note that most of CGIs detected by CpGIS do not start or end with a CpG dinucleotide. If the non-CpG sites are removed from both sides of CGIs, only 2163 (chromosome 21) and 4614 (chromosome 22) CGIs would meet the length criterion. For chromosome 22, the total length of CGIs in the result of CpGIS is longer than that of CGIs returned by CpGIF. However, we observed that there are 2576 CGIs with length less than 210 nt and low CpG density. After excluding these
